Measurements have been made of the velocity distribution of the slow neutrons from a paraffin-wax howitzer a t room temperature.
(

R e c e i v e d2 0 March 1940)
I ntr o d u ct io n
The iron-rich alloys of iron and nickel resemble pure iron in th a t they undergo a phase change from body-centred cubic (a) structure to facecentred cubic (y) structure on heating. On cooling the alloys, however, the return to the original state takes place a t a much lower temperature, and on account of this thermal hysteresis the alloys are known as irre versible.
A magnetic investigation of these alloys has been made by Peschard (1925) , who measured the variation of the saturation intensity of the alloys with temperature. The change from the a to the y lattice is accom panied by a decrease of the saturation intensity of the alloy, since the y phase is non-magnetic a t the tem perature of the change. Curves showing the variation of intensity with temperature are very useful in the study of these alloys, since they give visual evidence of the irreversibility.
The relation of the irreversible changes to the equilibrium phase diagram is not clearly understood. Recently, however, equilibrium diagrams of the iron-nickel system, determined by means of X-ray data, have been pub lished by Bradley and Goldschmidt (1939) and Owen and Sully (1939) .
The phase diagram given by Owen and Sully approximates more closely to th at determined magnetically by the writer, but Bradley and Gold schmidt emphasize th at their phase diagram is purely tentative and put forward in the hope of stimulating further experimental work. Both investigations were made after long periods of annealing to produce the equilibrium two-phase state. The purpose of the following paper is to show th at measurements of the variation of the magnetic intensity with tem perature can be used in the iron-nickel system to determine the equilibrium phase diagram, and to investigate the relation of the irreversible changes to equilibrium conditions.
E xperim ental method a n d preparation of specim ens
The intensity measurements have been carried out by means of the magnetic balance devised by Sucksmith (1939a, 19396) for a study of the iron-nickel-aluminium system. Through collaboration with Dr Bradley specimens of the alloys used in his X-ray investigation were available; the preparation and purity of the alloys is described in his paper (Bradley and Goldschmidt 1939) .
As in the previous work with this balance, all measurements were made relative to Hilger iron of 99*96 % purity as standard, the intensity per unit mass being taken as 217*8 at 20° C (Weiss and Forrer 1929) . While taking measurements the temperature of the furnace was raised or lowered continuously by means of a motor-driven rheostat. A magnetizing field of 16,000 oersted was used in all measurements. No correction for the variation of saturation intensity with field has been applied to the intensity-temperature curves, but the error is small except at tem peratures in the neighbourhood of the Curie point; in the majority, of these alloys, however, the magnetic intensity falls to zero as a result of a phase change which occurs below the Curie point, and the temperature at which this fall in intensity takes place was found to be unaffected by the magnetic field.
A set of twelve alloys covering the range from 3 to 35 % Ni were received from Dr Bradley who had subjected them to a preliminary heat treatment. This consisted of a lump anneal just under the melting-point, and then a further lump anneal at 550° C for 9 days. Small specimens, approximately 1 | x \\x 4 mm., were cut from these alloys, and wer jected to further annealing treatments. The annealing of the specimens was carried out either actually in the apparatus, or in external electric furnaces. When the former method was used, the temperature was maintained constant to within +3° C in the course of a 16 hr. run, by the use of regulator lamps in series with the furnace winding. For the other annealing processes, large thermostatically controlled furnaces were used, in which the tem perature was maintained within ± 2° for periods of the order of months. Sets of specimens of a range of nickel content were sealed in quartz or pyrex tubes and placed in these furnaces. I t was calculated th a t the small amount of air in the protecting tubes could only produce a negligible amount of oxide on the surface of the specimens, which weighed approximately 40 mg. each. The specimens sealed in quartz did not show any sign of oxidation after annealing, while the specimens sealed in glass acquired a thin film of dark-coloured oxide which, however, did not lead to any detectable change of weight or saturation moment.
The alloys as received were partly in the two-phase state as a result of the preliminary heat treatm ent. In order to obtain specimens in the single-phase state it was necessary to heat them to 1000° for 24 hr. Speci mens heated to 850° C for 24 hr. still remained two-phase to a small extent owing to the very slow rate a t which equilibrium is attained. In view of the small size of the specimens and the sluggishness of the alloy system, the specimens were not quenched in w ater after annealing, bu t were allowed to air-cool.
T h e m agnetic in t e n s it y of th e q u en c h e d alloys
The intensity-temperature curves of the quenched alloys have been determined by Peschard, and in the course of the present investigation his results have been confirmed. The results are briefly recapitulated here, so th a t the changes produced by prolonged annealing may be appreciated. On heating a specimen of an irreversible alloy, the intensity diminishes slowly in the usual manner, until a temperature T is reached, when the a lattice begins to transform rapidly into the y lattice. The y phase is paramagnetic a t these temperatures, so the intensity falls, becoming zero on the completion of the y -tx transition a t T '. On cooling, the a lattice is not formed from the y lattice until the temperature has fallen consider ably below T', the corresponding temperatures being T and T '. The result is a magnetization-temperature curve as in figure 1 , curve A .
The usual rate of change of temperature in these measurements is 5-10° C per min., i.e. the cycle can be described in some 3 hr. I f the tem perature changes are carried out more rapidly, the shape of the cycle remains unaltered, while holding a t a given temperature in the apparatus for practicable periods produces a t most a small change of intensity. The cycle appears to represent a metastable condition which is only slowly affected by annealing. A phase diagram, as in figure 2, can be constructed which describes the properties of the irreversible alloys under ordinary rates of temperature change. As the nickel content of the alloy is increased, the hysteresis loop becomes more extended, until finally the y -a transition takes place at room temperature. But at the same time a new phenomenon occurs; the Curie temperature of the y phase rises with increasing nickel content, and finally becomes greater than the temperature at which the y -a transition begins. Thus, on cooling the specimen from the high temperature, there is first an increase of magnetization a t the Curie point of the y phase, and afterwards a further increase due to the y -a transition. This type of variation of intensity with temperature is shown in figure 1 , curve B, for the 32 % Ni alloy. The lower branch corresponds to the y structure, with a Curie point at about 190° C. This structure is stable down to solid carbon dioxide temperature, but between this and liquid air temperature it undergoes an irreversible y-a structure change. The actual experimental points are given in this diagram to illustrate the extent to which they lie on smooth curves. Finally, in alloys of nickel content greater than 33 atomic %,* it is no longer possible to produce a y -a transition by cooling. Consequently the a lattice is not formed, and the alloys remain fully reversible under ordinary rates of temperature change.
The transitions do not take place by a diffusion mechanism. The a lattice of the alloys at room temperature is distorted owing to the y -a transition. The y lattice, however, represents the original high temperature condition of the alloy and is not distorted (Bradley and Goldschmidt, 1939) .
The effect of prolonged annealing
If the alloys are annealed at a sufficiently high temperature to allow diffusion to take place, then the alloy segregates into an iron-rich com ponent having an a structure, and a y nickel-rich comp6nent. The ironrich component has a higher intensity and Curie temperature than the original single-phase alloy; the nickel-rich component has similarly a lower intensity and Curie temperature. The intensity-temperature curve will show the presence of both these components. Thus the annealing process produces a modification of the shape of the hysteresis cycle. This effect was first shown by Scheil (1935) by means of a dilatometer, using a 4*8 % Ni alloy annealed in the neighbourhood of 700° C.
Quenching from the annealing temperature may, however, lead to the nickel-rich component undergoing an irreversible transition into the a structure. An intensity-temperature curve of such an alloy differs little from that of the single-phase alloy since the transition temperatures of the * In this paper, the composition of all alloys is given in atomic per cent. two components are not widely separate. The presence of an iron-rich component is, however, shown by the increased temperature at which the magnetization finally falls to zero. If the composition of the nickel-rich phase is such th at it does not undergo a y -a transition on cooling to room temperature, then its presence in the alloy may be recognized by X-ray measurements, or the inflexions on the intensity-temperature curve. The composition of the nickel-rich phase depends on the annealing tem perature, and the unmodified y component is obtained at room temperature only if the annealing is carried out at a temperature less than about 550° C.
Examination of alloys cooled to room temperature for signs of the presence of the y phase is therefore only suitable for determining the equilibrium at temperatures less than 550° C. Alloys annealed at 525 and 450° C have been examined in this way.
T he eq uilibrium at 525° C The room temperature intensity of specimens annealed a t 525° C is given in table 1. The specimens were first annealed at 550° C for 9 days and then at 525° C for a further 9 days. Almost identical results have been obtained with further sets of specimens annealed at 525° C for 9 and 20 days respectiyely. I t appears that some form of limit has been reached, Specimens in column A were annealed for 9 days at 525° C after preliminary heat treatment at 550° C.
Specimens in column B were annealed for 18 days at 525° C after preliminary heat treatment at 550° C.
Specimens in column C were annealed for 9 days at 525° C after quenching from 1000° C.
Specimens in column D were annealed for 18 days at 525° C after quenching from 1000° C.
after which annealing a t 525° C produces little further change, but this may not represent equilibrium, since 20 day anneals on similar sets of specimens which had previously been quenched from a high temperature to eliminate the result of the preliminary heat treatm ent a t 550° C, gave different values of intensity at room temperature. In these alloys, the time taken to reach equilibrium depends on the previous heat treatment, and it has not proved possible to obtain an equilibrium value of intensity which is entirely independent of preliminary heat treatments.
The intensities of the 3 and 6 % Ni alloys are not affected by annealing, but the 7*6 % alloy has a lower intensity. The a boundary a t 525° C therefore appears to lie between 6 and 7*6 % Ni. The intensity-temperature curves of the alloys containing from 12 to 26 % Ni show the Curie point of the y phase as an inflexion at about 150° C, thus demonstrating the presence of the nickel-rich phase (figure 3). The presence of the iron-rich phase ife shown by the increased temperature at which the magnetization finally falls to zero. The alloys 7-6 and 9 % Ni do not show the inflexion, but in these cases the amount of y phase present is small, and the evidence for the existence of two phases in these specimens rests on the fall of intensity produced on annealing. The position of the y boundary is fixed as lying between 26 and 29 % Ni by the fact th at the 29 % alloy is not affected by annealing at 525° C. The 26 % alloy is only slightly affected, so the y-phase boundary a t this temperature appears to lie between 26 and 27 % Ni. This is confirmed by the fact th at quenched specimens of the 26 % alloy may show an inflexion in the neighbourhood of 150° C.
If a two-phase alloy is immersed in liquid air, then the y nickel-rich component undergoes an irreversible transformation into the a structure, since its composition is about 26*5 % Ni. The resultant intensity-tempera ture curve shows an inflexion at about 540° C; this inflexion corresponds to the transition of the nickel-rich a structure into the y structure. The transition temperature of the 26-5 % alloy is in fact about 525° C, so the agreement between the expected and the observed value of the tem perature of the inflexion is good. Figure 4 for alloys ranging in composition from 25'to 13 % Ni. The inflexion at about 200° C in the curves for the 25 and 23 % Ni alloys is due to the Curie point of some untransformed nickel-rich component. At a given temperature the completeness of the y -transition in an iron-nickel alloy is dependent on the physical state. An alloy containing 26*5 % Ni is normally completely transformed into the a structures by cooling in liquid air, but in the highly dispersed state in which the nickel-rich component occurs in the two-phase alloy, the conversion is not so complete.
The equilibrium at 450° C The rate of attainment of equilibrium at 450° C is slow, but specimens annealed for 2 months at this temperature are considerably modified. If the specimens are already in the a phase, formed in the quenched specimens of the nickel-rich alloys by immersion in liquid air, then annealing at 450° C does not produce as large a fall of intensity a t room temperature, as in the case of the specimens annealed a t 525° C.
On the other hand, the two-phase alloys are now reversible between room temperatures and liquid air temperature. This means th at the y phase segregated is reversible and therefore contains more than 33 % Ni (the limit of the irreversible alloys). Other evidence on the composition of the y phase a t this temperature is available from the intensity-tempera ture curves of the annealed alloys (figure 5). These show an inflexion in the neighbourhood of 350° C corresponding to the Curie point of an alloy containing about 35 % Ni. There are two inflexions in the curve of the 32 % N i alloy. The first, a t about 250° C, corresponds to the Curie point of the y structure of the single-phase 32 % alloy. The second, at about 400° C, corresponds to the Curie point of the nickel-rich phase, but the inflexion is not well defined owing to the small amount of iron-rich phase present. Curves of the 23 and 25 % Ni alloys show a well-defined inflexion at 350° C, as in the curve of the 26 % Ni alloy. That an estimate of 35 % Ni a t the limit of the two-phase region is slightly too high is shown by the fact th at the 35 % alloy is not affected by the annealing treatment, while the intensity-temperature curve of the 32 % alloy shows the presence of two phases. The position of the y boundary at 450° C therefore lies between 33 and 35 % Ni.
The position of the a boundary is less definite since, owing to the small proportion of the y phase present in the iron-rich alloys, evidence cannot be derived from the intensity-temperature curves. The room temperature intensity of two sets of specimens show a fall of intensity below the quenched value at between 7*6 and 9 % Ni, but the change is not sharp as is the case with the sets of alloys annealed a t 525° C. At these low temperatures the magnetic method is not as suitable for fixing the position of the a boundary as for the y boundary, when the presence of two phases is immediately recognizable on the intensity-temperature curve.
The ph a se b o un d a ries at tem peratures above 525° C Specimens annealed a t temperatures above about 525° C do not show the presence of a y phase on cooling to room temperature. This is not due to the two-phase field narrowing suddenly above 525° C, but depends on the fact th at the composition of the nickel-rich phase a t above this tem perature is such that the phase undergoes the y -a transition on cooling, producing diffuse X-ray lines and affording no evidence of the existence of the two-phase region a t the annealing temperature.
Although the presence of a y nickel-rich phase cannot be detected, the presence of an iron-rich phase can be deduced from the fact th at the trans formation temperature of the annealed alloy is greater than th at of the quenched alloy. Instead, however, of annealing sets of alloys at various temperatures above 525° C, and determining the composition at which no change was produced by annealing, specimens of quenched alloys have been annealed in the apparatus.
The behaviour of the alloys under these conditions is illustrated by an experiment carried out on a 16 % Ni alloy. The intensity-temperature curve of the quenched alloy was first determined, and the temperature T ' at which the a -y change was completed was found to be 622° C. In order to determine T ' accurately, the rate of heating was reduced to about 3°/min. over the steep part of the curve. The alloy was then cooled to room temperature and afterwards held at 601 + 2° C for 3 hr. The intensity fell from 70 to 20 units. That this did not simply represent the incomplete breakdown of the a lattice into a homogeneous y lattice was shown on raising the temperature by 2-3°/min., when the intensity finally fell to zero at 630° C, showing th at the breakdown of the quenched alloy at this temperature involved the building up of a small amount of a phase of less nickel content than 16 %.
Similar results have been obtained with other alloys. In all cases, annealing the alloy a t temperatures less than the transition temperature T ' involved the production of an iron-rich phase. The temperature T 'y therefore, a t which the quenched alloy completes the a -y change is also the temperature of equilibrium between the y and the (a + y) regions. Above this temperature the alloy is entirely in the y phase; below it, an iron-rich a phase is formed in addition to the y phase. The y boundary above 550° C has been determined therefore from a series of measurements of the tem perature T ' for alloys of from 3 to 23 % Ni. The results are given in table 2. T ' is determined from the intensity-temperature curves by extrapolating the steep part of the curve to zero intensity. When the nickel content of the alloy is greater than about 20 %, the temperature of completion of the a -y charge becomes increasingly illdefined owing to the appearance of a " ta il" to the magnetization-tem perature curve. Nevertheless, the y boundary determined in this way joins smoothly with the boundary determined by quenching experiments a t 525 and 450° C.
The determination of the a boundary at these temperatures presents considerable difficulties,-since the nickel content of the pure a phase is small and varies only slowly with temperature. An attem pt has been made to determine the temperature a t which the 3 % Ni alloy enters the mixed phase region by annealing the alloy in the apparatus a t a series of tem peratures; in the mixed phase region such annealing leads to a fall of intensity due to the production of the y phase.
Under ordinary rates of heating this alloy shows an a -y transition beginning at 800° C and ending a t 806° C. One specimen was heated a t 747° C for 10 hr., but a t this temperature the magnetization-temperature curve appeared stable. Another specimen was heated at 778 + 2° for 12 h r.; in the course of this period the intensity gradually fell, showing th at a t this temperature the 3 % Ni alloy lies in the two-phase region. The a phase boundary for this composition therefore lies between these two tempera tures, and owing to its steepness there is little error in placing it at 760° C.
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The low temperature equilibrium op the iron-nickel alloys Sufficient data has now been accumulated to enable an equilibrium phase diagram to be drawn. This is given in figure 6 . The transition temperature of pure iron has been taken as 910° C, the mean of the results of Adcock and Bristow (1935) . Between 910 and 550° C the position of the y boundary rests on observations of the transition temperature of the quenched alloys.
The 7 boundary at 525 and 450° C rests on annealing experiments carried out with series of alloys to determine the limits of composition of the mixed S 600°- phase region. The measurements of the variation of saturation intensity with temperature gives a convenient and accurate method of determining the 7 boundary, but its application to the determination of the a boundary cannot be considered to afford equally reliable evidence.
At temperatures below 450° C, equilibrium probably cannot be obtained except after annealing periods of the order of years, and preliminary work on the magnetization-temperature curves of alloys annealed at 400 and 350° C has not given the definite results obtained by annealing at higher temperatures.
The relation of this equilibrium phase diagram to the hysteretic diagram obtained at ordinary rates of temperature change can now be stated. The temperature T at which the a -ychange begins to take place rapidly does not bear a direct relation to equilibrium conditions, since alloys annealed below this temperature become two-phase. On the other hand, the tem perature T ' at which the a -y change is completed is also the temperature of equilibrium between the. (a + y) and the y regions. At lower temperatures the precise definition of T r is difficult, so its relation to equilibrium con ditions is correspondingly obscure.
The temperature t at which the y phase alloy begins to transform irre versibly on cooling does not correspond to equilibrium conditions. Alloys annealed in the y phase a t temperatures above r and less than T' begin to transform slowlv into two phases. In addition, it is found that in the 29 % alloy, where t lies slightly below room temperature, cold work by wire drawing the alloy initiates the y -a change at room temper the temperature r ' at which the cycle is completed is very ill defined, and in the case of those alloys in which it lies at liquid air temperature, it is also a function of the time for which the alloy is cooled.
T h e rate of attainment of equilibrium
At temperatures less than 850° C diffusion processes take place very slowly in the iron-nickel alloys. Nevertheless, at 525° C, annealing for even 12 hr. leads to a considerable breakdown of the single-phase alloys. This is true, however, only if the alloy is heated to 525° C from room temperature, when it is in the distorted condition. If the alloy is first heated to 1000° C and then cooled to 525° C, remaining in the y condition owing to the temperature hysteresis, an anneal of 9 days does not appear to modify the alloy, and the intensity at room temperature is only slightly lower than if the alloy had been cooled directly.
The rate of diffusion therefore is dependent on the structure as well as on the temperature. The distorted a structure produced by the irreversible y -a change breaks up into two phases more readily than the more perfect y structure which was the original state of the alloy. When the y structure is annealed for a sufficiently long time at a high temperature then it too may segregate into two phases. In the case of a 6 % alloy annealed in the y state for 18 hr. at 720° C, i.e. within the two-phase region of the equili brium diagram, the intensity rose from 1 to 5 units in the course of the anneal. This increase can only be ascribed to the production of an iron-rich a phase from the y lattice, but the rate at which the y lattice of this alloy breaks down at 720° C is only of the same order as the rate of breakdown of the distorted a lattice at 525° C. In view of the exponential relation between velocity of diffusion and temperature, the extreme slowness of diffusion processes in the undistorted y lattice is evident.
Owen has reported the effect of the mechanical distortion produced by filing in accelerating diffusion processes in the nickel-iron alloys at low temperatures. This factor is not operative in the 4 x 1 | mm. specimens used in the present investigation.
We are indebted to Dr Bradley for his kindness in supplying the alloys used in the above investigation. One of us (A. T. P.) wishes to record his thanks to the Directors of the Electrical Research Association for a grant.
Summary
Measurements of magnetic saturation intensity of annealed iron-nickel alloys have been used to demonstrate the existence of a two-phase field in the iron-rich part of the system. The phase boundaries have been deter mined at temperatures above 450° C, and the relation of the equilibrium phase diagram to the thermal hysteresis observed under normal rates of temperature change has been studied.
